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While paleoanthropologists and archaeologists agree that western Georgia was used as a 
thoroughfare of human movements to and from the Caucasus (Pinhasi et al., 2012, 2014), the 
paleoanthropological fossil record of the local Middle and Upper Palaeolithic in this key region is 
currently limited to scant human remains. For the Late Pleistocene, the Middle Palaeolithic (MP) 
Georgian human fossil record consists of a partial maxilla from the site of Sakajia and some 
isolated teeth from the sites of Bronze Cave, Djruchula, Ortvala and Ortvale Klde, which were all 
classified as Neandertals (Pinhasi et al., 2012). The Upper Palaeolithic (UP) fossil record consists 
of a modern human tooth from Bondi cave (Tushabramishvili et al., 2012), recently dated between 
39,000 and 35,800 cal. BP (calibrated years before present; Pleurdeau et al., 2016), and cranial 
fragments from Sakajia, dated between 12,000 and 10,000 cal. BP (Nioradze and Otte, 2000) 
(Supplementary Online Material [SOM] Fig. S1). Therefore, even though some authors suggests 
that the Caucasus represents a sort of cul de sac for Neandertal survival, and that modern humans 
arrived in this area much later compared to other regions (Bar-Yosef and Pilbeam, 2000), the 
paucity of human remains prevents any conclusive assessment. 
Here we report additional Upper Palaeolithic human remains from the Imereti region, western 
Georgia (SOM Fig. S1): two isolated teeth from Dzudzuana cave, Dzu 1 and Dzu 2 (both 
deciduous; Bar-Yosef et al., 2011), and one isolated tooth (SATP5-2, deciduous) and a hemi-
mandible (SATP5) bearing permanent and deciduous teeth (SATP5-3 – SATP5-7) from Satsurblia 
cave (Pinhasi et al., 2014). In particular, the human remains from Dzudzuana cave, dated between 
27,000 and 24,000 cal. BP, fill a huge gap in the Upper Palaeolithic Georgian fossil record and 
play an important role in the debate about modern human peopling of the Caucasus. 
 




High-resolution µCT images of the teeth from Dzudzuana (Dzu 1 and Dzu 2; Fig. 1) and the 
isolated tooth from Satsurblia (SATP5-2) (Fig. 2) were obtained with a XALT microtomographic 
system (Institute of Clinical Physiology, Pisa, Italy) (Panetta et al., 2012). The Satsurblia mandible 
(Fig. 3) was scanned with a Birscan microtomographic system (Max Planck Institute for 
Evolutionary Anthropology, Leipzig, Germany); scan parameters and processing procedures are 
described in the SOM (SOM Fig S2, S3). 
 
Morphological description 
Terminology for the morphological description of the mandible and the teeth follows White et al. 
(2012) and Scott and Turner (1997), respectively. Nonmetric traits were evaluated according to 
standards outlined by the Arizona State University Dental Anthropology System (ASUDAS; 
Turner et al. [1991], Bailey [2002], Bailey et al. [2011] and Martìnez de Pinillos et al. [2014]). 
Occlusal wear stage was assessed based on Molnar (1971). For deciduous teeth, the age at death 
was estimated combining different observations, such as stages of tooth formation, dental eruption 
and root resorption using the sequences provided by Moorrees (1963) and Al Qahtani and 
colleagues (2010).  
 
Morphometric analyses 
Height and breadth of the mandibular corpus were measured in the digital model at the level of 
both the mental foramen (Buikstra and Ubelaker, 1994) and the lower first molar (Rosas and 
Bermúdez de Castro, 1999). For the deciduous molars, we measured mesiodistal (MD) and 
buccolingual (BL) crown diameters (Benazzi et al., 2011a; 2013a; Margherita et al., 2016), and we 
used crown (for Dzu 1, Dzu 2 and SATP5-5) and cervical outline analyses (for Dzu 2 and SATP5-
5), following methods described in Benazzi et al. (2011b; 2012a; 2014a) and Bailey et al. (2014). 
For the permanent teeth (but not for the deciduous teeth, which are heavily worn), we computed 
three-dimensional (3D) enamel thickness following guidelines provided by Benazzi and 
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colleagues (2014b). Finally, to assess whether Dzu 1 and Dzu 2 belong to the same individual, 
both teeth were analysed using the Occusal Fingerprint Analyser (OFA) software package (2008-
2014 ZiLoX-IT GbR) (see e.g., Benazzi et al., 2012b; 2013b, c; 2015; 2016; Kullmer et al., 2013; 
Fiorenza et al., 2015; for more details about methods see SOM). 
 
Metric comparison 
Height and breadth of the mandibular corpus at the level of the mental foramen were compared to 
data gathered from the scientific literature (see SOM Table S1). The BL diameters of the 
deciduous teeth were compared with a sample of Neandertal, Upper Palaeolithic H. sapiens 
(UPHS) and recent (i.e., post-Neolithic) H. sapiens (RHS) teeth collected from the scientific 
literature (Hillson and Trinkaus, 2002; Henry-Gambier et al., 2004; Hershkovitz et al., 2011). The 
MD diameter was not considered owing to interproximal wear. For the permanent dentition, 
comparative datasets for MD and BL diameters were created ex novo and include Neandertal, 
early (i.e., pre-Upper Palaeolithic) H. sapiens (EHS) and RHS (SOM Table S2). 
The shape variables (Dzu 1 crown outline; Dzu 2 and SATP5-5 crown and cervical outlines) were 
projected into the shape-space obtained from a principal component analysis (PCA) of the 
comparative sample used by Bailey et al. (2014) and Benazzi et al. (2012a), respectively. We used 
cross-validated linear discriminant analysis (LDA) of the principal components, which accounted 
for about 90% of the total variability, to assess the taxa most closely affiliated with the Dzu 1, Dzu 
2 and SATP5-5 specimens. 
Comparative data for 3D enamel thickness were created ex novo and include Neandertal, EHS and 
RHS with different wear stages (SOM Table S2). The only UPHS specimen available for enamel 
thickness analysis (Villabruna, lower left first molar; Vercellotti et al., 2008; Oxilia et al. 2015) 
was included in the RHS sample. To discern differences in enamel thickness between Neandertal 
and RHS, 3D average enamel thickness (AET) and 3D relative enamel thickness (RET) indices 
were analyzed using the Mann-Whitney U test (α = 0.05; two-tailed) with a Monte Carlo 
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permutation. For sample size > 3 individuals, standardized scores (Z-scores) were computed to 
establish the group means closest to the values of Dzudzuana and Satsurblia specimens. The data 
were processed and analysed using R v. 2.15.1 (R Development Core Team, 2012). 
 
Results 
Descriptive data, including provenience, for all the specimens are summarised in Table 1.  
 
Dzudzuana fossils – morphological descriptions 
Dzu 1 This specimen is an upper right second deciduous molar (Rdm2), with a complete crown 
and a cervical quarter of the root (Fig. 1A). The tooth has several visible fractures on the enamel-
dentine junction (EDJ; SOM Fig. S2A). While it is heavily worn (wear stage 5; Fig. 1A), the 
remnants of four principal cusps, a weak Cusp 5 (ASUDAS grade 1), accessory crests and a small 
Carabelli’s trait are still visible on the EDJ (SOM Fig. S2A). The hypocone is small, giving the 
crown a sub-square shape. Dzu 1 has a distal interproximal facet (length=5 mm; height=1.6 mm) 
larger than the mesial one (length=3.7 mm; height=1 mm). On the buccal wall of the crown there 
is a large wear facet with dentine exposure, probably related to para-masticatory activities. Root 
resorption at the Res3/4 stage suggests that the tooth was lost ante-mortem and corresponds to an 
age ranging from nine to 12 years old. The tooth crown has a MD diameter of 9.9 mm and a BL 
diameter of 10.5 mm. At the cervix, the MD diameter is 7.4 mm and BL diameter is 9.9 mm. 
Dzu 2 This specimen is a worn (wear stage 4) lower right second deciduous molar (Rdm2) with a 
complete crown and a cervical quarter of the root (Fig. 1B). The tooth has several visible fractures, 
the main one oriented bucco-lingually and dividing the tooth into two parts (see SOM Fig. S4 for 
the virtual restoration). From the occlusal view, the crown outline shows a bucco-distal reduction 
and a straighter lingual side (Fig. 1B). On the EDJ, five principal cusps, a weak anterior fovea 
bordered distally by a weak mesial trigonid crest (MeTC), and potentially the remnant of a distal 
trigonid crest (DTC), almost entirely removed by tooth wear, can be observed (SOM Fig. S2B). 
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Interproximal facets are evident both mesially (length=3.7 mm; height=1.7 mm) and distally 
(length=5.1 mm; height=2.5 mm). Root resorption is at a Res3/4 stage suggesting that the tooth 
had been lost ante-mortem, at an age ranging from nine to 12 years old. The tooth crown has a MD 
diameter of 10.3 mm and a BL diameter of 9.5 mm. At the cervix, the MD diameter is 8.6 mm and 




Testing occlusal contacts between Dzu 1 and Dzu 2 
Only three occlusal contacts were detected during maximum intercuspation in the OFA software, 
ultimately suggesting that the teeth do not belong to the same individual (SOM Fig. S5).  
 
Satsurblia fossils – morphological descriptions 
SATP5-2 This specimen is an upper right central deciduous incisor (Rdi1), worn (wear stage 4), 
with the enamel on the mesial side chipped off and the cervical quarter of the root preserved. A 
longitudinal fracture, bucco-lingually directed, separates a distal portion of the tooth. (Fig. 2). 
From the labial view, the crown has moderate labial convexity (ASUDAS grade 3), which 
becomes less pronounced distally. The lingual surface is concave, and shows a distal marginal 
ridge (the mesial one is not visible, possibly removed by wear) and a faint median ridge, which 
disappears as it reaches the cervical eminence (Fig. 2). The stage of resorption is at Res1/2 (the 
preserved portion is 3.5 mm) and suggests that the tooth had been lost ante-mortem through dental 
development, at an age estimated to be between six and seven years. The tooth crown has a MD 
diameter of 6.8 mm (minimum estimation due to wear) and a BL diameter of 5.6 mm. At the 






SATP5 This specimen is an incomplete left hemi-mandible with part of the body and the ramus 
preserved (Fig. 3A-C). In detail, the gonial region and the condyle process are missing, as well as 
the portion of the mandibular body in front of an imaginary line that connects the mental foramen 
and the alveolus of the left first incisor.  
In SATP5, only the second deciduous molar (dm2; SATP5-5) and the first molar (M1; SATP5-6) 
are visible, while premolars (P3 and P4, respectively SATP5-3and SATP5-4) and second molar 
(M2; SATP5-7) are unerupted. The teeth, described in more detail below, are well-preserved, 
except for a small fracture in the P3. The P4 is turned upside down, probably from post-
depositional repositioning that occurred within the tooth socket.  On the lingual side of the hemi-
mandible (Fig. 3A), the mylohyoid line runs from the unerupted M2 till the anterior fracture. On 
the buccal side (Fig. 3C), the mental foramen is positioned between the interalveolar septa of the 
deciduous canine and the first deciduous molar. Based on dental development and eruption stages, 
the age of the individual was estimated to be between six to seven years. 
The maximal height of the corpus is 45.7 mm and its maximal length is 69.8 mm. The height of 
the corpus at the level of the mental foramen is 21.4 mm, with a thickness of 10.5 mm, which is 
consistent with recent modern humans (see SOM Table S1). At the level of the M1, the corpus 




SATP5-3 This specimen is a lower left third premolar (LP3) with a complete, unerupted crown and 
root in earliest formation, at the Ri developmental stage (Fig. 3G). The crown is sub-circular and 
shows two main cusps, the protoconid larger than the metaconid, separated by a mesio-distal 
groove. On the EDJ, two further small dentine horns (hypoconid and entoconid) and a moderate 
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transverse crest connecting the protoconid and metaconid (grade 2, Bailey, 2002) are visible 
(SOM Fig. S3A).The tooth crown has a MD diameter of 6.9 mm and a BL diameter of 7.5 mm. At 
the cervix, the MD diameter is 4.7 mm and BL diameter is 6.5 mm. 
SATP5-4 This specimen is a lower left fourth premolar (LP4) with a complete, unerupted crown 
but without the root, at the Crc developmental stage (Fig. 3H). The crown has a circular occlusal 
outline and shows four cusps, with the metaconid equal in size to the entoconid (ASUDAS grade 
4). The mesio-distal groove separates the main cusps. On the EDJ a mesial accessory ridge (MAR) 
borders an anterior fovea distally (SOM Fig. S3B). The tooth crown has a MD diameter of 7.2 mm 
and a BL diameter of 7.9 mm. At the cervix, the MD diameter is 4.5 mm and the BL diameter is 
6.4 mm. 
SATP5-5 This specimen is a lower left second deciduous molar (Ldm2) with both crown and root 
preserved (Fig. 3F). The tooth shows several fractures (see SOM Fig. S3C). While it is very worn 
(wear stage 4), the five principal cusps forming a Y groove pattern can be recognized, as 
confirmed by the EDJ. A moderate shoulder on the distal side of the metaconid (SOM Fig. S3C) is 
identified as C7 (ASUDAS grade 1A). The mesial interproximal wear facets are smaller 
(length=1.5 mm; height=1.1 mm) than the distal one (length=1.9 mm, height=2.1 mm). On the 
lingual side, traces of calculus are present (Fig. 3F). The tooth crown has a MD diameter of 10 
mm and a BL diameter of 8.7 mm. At the cervix, the MD diameter is 8.3 mm and BL diameter is 7 
mm. Root morphology suggests cynodontism, with root bifurcation placed at 2.7 mm from the 
cervix. The distal root, longer than the mesial one, measures 11.8 mm. 
SATP5-6 This specimen is a lower left first molar (LM1) with crown and root well-preserved (Fig. 
3E), at the R1/2 developmental stage. The tooth is slightly worn (category 2), with a weak 
interproximal facet on the mesial side (length=1.8 mm; height=3.4 mm). In occlusal view, the 
crown has a rectangular outline and has four main well-developed cusps, an entoconulid (C6) and 
a faint C7 (ASUDAS grade 1A), also visible on the EDJ (SOM Fig. S3D). The metaconid is in 
contact with the hypoconid, confirming the classic 4-Y groove pattern. The tooth crown has a MD 
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diameter of 10.8 mm and a BL diameter of 10.3 mm. At the cervix, the MD diameter is 8.3 mm 
and the BL diameter is 8.4 mm. The root length measures 9.5 mm on the mesial side, and 8.81 mm 
on the distal side. 
SATP5-7 This specimen is an unerupted lower left second molar (LM2) with a well-preserved 
crown and cervical quarter of the root, at the Ri development stage (Fig. 3D). The tooth has four 
well-developed main cusps arranged in an + pattern, and a faint shoulder identified as a C7 
(ASUDAS grade 1A). From this latter develops a weak (grade 1 of Bailey et al., 2011) and 
continuous DTC (Type 3 following Martìnez de Pinillos et al., 2014), visible on the EDJ (SOM 
Fig. S3E). The tooth crown has a MD diameter of 10.4 mm and a BL diameter of 9.7 mm. At the 





The Z score computed for the BL diameter of Dzu 1 was closer to the UPHS mean, while for Dzu 
2 the Z-score was equally close to Neandertals and UPHS. The BL diameter of SATP5-2 was 
closer to UPHS mean while the BL diameter of SATP5-5 was closer to the RHS mean (Table 2). 
The permanent teeth of Satsurblia are small, falling in the range of the whole H. sapiens sample 




The Dzu 1 crown outline was projected into the shape-space PCA computed by Bailey and 
colleagues (2014) and is positioned in PCA space (first two principal components [PCs]) within 
the recent and UPHS scatter (Fig. 4A, B). The cross-validation LDA of the first four PCs 
attributes the tooth to modern human with a Ppost=0.99. Dzu 2 and SATP5-5 crown and cervical 
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outlines were projected in the shape-space computed by Benazzi and colleagues (2012a). Both 
outlines of SATP5-5 plots within the whole H. sapiens sample (Fig. 4C, D). Whereas, Dzu 2 
crown outline falls within H. sapiens (Fig. 4C), it falls within Neandertals for the cervical outline 
due to its bucco-distal enlargement (Fig. 4D). The cross-validated LDA of the first five PCs shows 
that SATP5-5 is attributed to modern humans with a Ppost=1, while Dzu2 is attributed to modern 
humans based on its crown outline (Ppost=1), but to Neandertals based on its cervical outline 
(Ppost=0.99). For the 3D RET of Satsurblia permanent posterior teeth the Z-scores computed are 






Discussion and conclusion 
Morphological features and morphometric analyses support the attribution of the human remains 
from Satsurblia cave and the dm2 from Dzudzuana cave (Dzu 1) to modern humans. It is possible 
that because SATP5-2 and SATP5 derive from the same layer and share the same age estimate, 
they might belong to the same individual. However, this can only be confirmed with further study 
(i.e. based onancient DNA).  The taxonomic attribution of Dzu 2 is ambiguous, because though 
the general crown morphology aligns with modern human, the cervical outline plots within 
Neandertal variation. Moreover, evaluation of the occlusal contacts indicates that Dzu 1 and Dzu 2 
do not belong to the same individual. Although it is most likely that Dzu 2 is a modern human 
specimen, further work is needed (e.g., ancient DNA analysis) to assess the combination of 
modern human and Neandertal traits. It is important to note, however, that there is no indication in 
the relevant archaeological contexts to suggest any ‘transitional’ (MP–UP) techno-cultural 
elements. Even considering the earliest remains uncovered in Dzudzuana, Unit D (dated to 
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~33,000 cal. BP, see SOM), no attributes of MP cultures are evident. Moreover, the lithic 
assemblages of Unit C can be considered as a variant of the “Eastern Gravettian” and “Epi-
Gravettian” complexes as the lithic industry from the Area B layers, Satsurblia, from which the 
human remains described here were recovered (Bar-Yosef et al., 2011; Pinhasi et al. 2014). 
 
Our current study demonstrates the potential of the OFA software for associating isolated teeth. In 
a previous contribution, two isolated teeth from Taddeo Cave (Italy) were attributed to the same 
individual by matching the interproximal facets in the OFA software (Benazzi et al., 2011c). The 
approach is extended here to use the OFA software in matching isolated antagonistic teeth, which 
follows recent work that suggests close correspondence in macrowear pattern between antagonists 
(Kullmer et al., 2012). In the current study, we also provide new data on the 3D enamel thickness 
of Neandertal and modern human lower molars and premolars at different wear stages following 
recent protocols (Benazzi et al., 2014b) taking into consideration the current lack of comparative 
data for both lower and upper premolars. Our results confirm that Neandertal M2s have 
significantly lower RET indices than those of modern humans (Olejniczak et al., 2008; Smith et 
al., 2012). However, contrary to our expectations and previous contributions (Macchiarelli et al., 
2006; Olejniczak et al., 2008; Bayle et al., 2010; Smith et al., 2012), there is no statistically 
significant difference between the M1s of the two groups, so our results indicate that they cannot 
be discriminated securely. Nonetheless, differences between the two groups appear pronounced in 
the premolars, suggesting that P3s and P4s may be valuable in discriminating between Neandertals 
and modern humans. Interestingly, even though the small sample size prevents statistical tests, 
differences seem to persist at least in wear stage 3, rendering the lower post-canine dentition, and 





In sum, the analyses of the modern human remains from Dzudzuana and Satsurblia caves provide 
a major addition to the UP human fossil record of Georgia and indicate the unequivocal presence 
of modern humans in Georgia during the Upper Palaeolithic, undermining the suggestion that 
Caucasus represents a cul de sac for Neandertal survival (Bar-Yosef and Pilbeam 2000). Even 
though this region is characterized by several Palaeolithic sites, only two other cave sites (Bondi 
Cave and Sakajia) have yielded human remains from UP deposits. It is important to note that the 
chronological age of the teeth from Dzudzuana cave (27,000–24,000 cal. BP) falls between the 
older modern human tooth Bondi I (Pleurdeau et al., 2016) and the more recent human remains 
from Sakajia (Nioradze and Otte, 2000), filling the huge gap of more than 20,000 years.  
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Inventory of the human remains from Dzudzuana (Dzu) and Satsurblia (SATP5) caves. 
Specimen Tooth  
class 







Dzu 1 Rdm2 9.9 10.5 5 9-12  Layer C3 Upper Palaeolithic 
Dzu 2 Rdm2 10.3 9.5 4 9-12  Layer C4 Upper Palaeolithic 
SATP5-2 Rdi1 6.8 5.6 4 6-7  Area B Upper Palaeolithic 
Mandible SATP5     6-7  Area B Upper Palaeolithic 
SATP5-3 LP3 6.9 7.5 1    
SATP5-4 LP4 7.2 7.9 1    
SATP5-5 Ldm2 10.0 8.7 4    
SATP5-6 LM1 10.8 10.3 2    
SATP5-7 LM2 10.4 9.7 1    
a Molnar, 1971. 
b Moorrees, 1963. 





Table 2  
Buccolingual (BL) diameters (in mm) of the comparative sample and Z-scores of the deciduous teeth from Dzudzuana 
and Satsurblia standardized to the hominin samples used in this study (N, Neandertal; UPHS, Upper Palaeolithic H. 
sapiens; RHS, recent H. sapiens; SD, standard deviation). 
Sample Dzu 1  
(Rdm2) 
 Dzu 2  
(Rdm2) 





 Mean (SD/n) Z-score Mean (SD/n) Z-score Mean (SD/n) Z-score Mean (SD/n) Z-score 




9.4 (0.5/34)b 0.26 6.13 (0.35/23)b  -1.45 9.4 (0.5/34)b -1.4 
UPHS 10.4 (0.7/11)a  0.2 
 
9.44 (0.35/8)c  0.26 5.42 (0.35/18)b 0.57 9.44 (0.35/8)c -2.11 
RHS 9.5 (0.5) a 2.08 8.3 (0.6/57) b  2.05 4.87 (0.35/47)b 2.14 8.3 (0.6/57)b 0.67 
a Hillson and Trinkaus, 2002. 
b Hershkovitz et al., 2011. 





Three-dimensional (3D) relative enamel thickness (RET).a  
Sample n Wearb 3D RET Mean (SD) Z-score 
SATP5-3 (LP3)  1 26.75  
N 8 1-2 18.55 (1.60) 5.12 
RHS 11 1-2 24.39 (2.38) 0.99 
RHS 4 3 19.60 (0.93) 7.69 
SATP5-4 (LP4)  1 41.46  
N 11 1-2 20.62 (2.37) 8.79 
RHS 8 1-2 25.69 (2.22) 7.10 
RHS 4 3 25.01 (4.46) 3.69 
SATP5-6 (LM1)  2 20.47  
N 8 1-2 18,61 (1.59) 1.17 
N 6 3 15,86 (1.33) 3.47 
N 9 4 12,21 (1.66) 4.97 
RHS 8 1-2 20.17 (3.50) 0.29 
RHS 8 3 16.16 (1.98) 2.18 
RHS 5 4 14.30 (2.34) 2.64 
SATP5-7 (LM2)  1 23.7  
N 9 1-2 17.42 (2.60) 2.41 
RHS 9 1-2 21.61 (1.73) 1.20 
aSatsurblia specimens are standardized to Z-scores of the Neandertal (N) and recent H. sapiens (RHS) samples for 






Figure 1. A) Three-dimensional digital models of Dzu 1 (upper right second deciduous molar, 
Rdm2); B) Three-dimensional digital model of Dzu 2 (lower right second deciduous molar, 
Rdm2). The horizontal black bars are equivalent to 1 cm. B, buccal; D, distal; L, lingual; M, 





Figure 2. Three-dimensional digital model of SATP5-2 (upper right central deciduous incisor, 
Rdi1). The horizontal black bar is equivalent to 1 cm. B, buccal; D, distal; L, lingual; M, mesial; 





Figure 3. On the left, three-dimensional digital model of Satsurblia mandible (SATP5): A) 
Lingual side; B) Occlusal side; C) Buccal side. On the right, three-dimensional digital models of: 
D) SATP5-7 (lower left second molar, LM2); E) SATP5-6 (lower left first molar, LM1); F) 
SATP5-5 (left second deciduous molar, Ldm2); G) SATP5-3 (lower left third premolar, LP3); H) 
SATP5-4 (lower left fourth premolar, LP4). The horizontal black bars are equivalent to 1 cm. B, 








Figure 4. A, B) Shape-space PCA plots of Homo erectus, Neandertal and H. sapiens (EHS; 
UPHS; RHS) dms2 crown outlines. A) PC1 plotted against PC2; B) PC1 plotted against PC3. The 
deformed mean outlines in the four directions of the PCs are drawn at the extremity of each axis. 
C, D) Shape-space PCA plots of Neandertal and H. sapiens (RHS and UPHS) dm2 crown outlines 
(C), and cervical outlines (D). The deformed mean outlines in the four directions of the PCs are 
drawn at the extremity of each axis. HE, H. erectus; N, Neandertal; EHS, early H. sapiens; UPHS, 
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1. Archaeological contexts 
1.1 Dzudzuana cave 
The cave of Dzudzuana (Western Georgia [Fig. S1]) was the first to provide a well-dated Upper 
Palaeolithic (UP) chronostratigraphic sequence for human occupation in the southern Caucasus 
(Bar-Yosef et al., 2011, their Fig. 2). This sequence comprises three occupational episodes 
separated by millennia long hiatuses: the lowermost UP phase, Unit D, is dated to 34,500–32,200 
calendar years (cal. BP [calibrated years before present]); the following Unit C, is dated to 
27,000–24,000 cal. BP (the human teeth studied were retrieved from the lower part of this Unit, in 
a distinct anthropogenic layer, mixed with chipped stone artefacts and fauna remains); and the 
latest UP phase, Unit B - dated to 16,500–13,200 cal. BP (Bar-Yosef et al., 2011, their Fig. 3). 
 
 
Figure S1. Georgia - A general map showing the location of Dzudzuana, Satsurblia caves and the 




The chipped stone assemblage of Unit C (which comprises the main material culture remains) is 
dominated by small blades and bladelets detached predominantly from narrow carinated cores. 
Besides retouched bladelets, there are the Sakajia points (arched/curved pointed blades with abrupt 
retouch along the straight edge and a proximal retouched truncation). It is of interest to note the 
decorative items recovered in this Unit. There were pendants made of stone, bone and teeth (of 
goats and deer) (Bar-Yosef et al., 2011, their Fig. 6). Other decorated items include incised bone 
pieces, sometimes with elaborate patterns, of either  long bone splinters or ribs. Quite a number of 
bone tools (and see detailed discussion in Bar-Yosef et al., 2011) were recovered, mostly 
awls/points made on splinters, shaped by shaving and polishing. Besides those there were also 
decorated items, polishers, and a single bone needle with an ‘eye’, according well with the 
findings in all UP Units of wild flax fibers (Kvavadze et al., 2009). 
 
1.2 Satsurblia cave 
The human occupation layers at Satsurblia cave yielded a series of living surfaces dated to (a) 
prior to the Last Glacial Maximum (LGM) at 25,500–24,400 cal. BP and (b) after the LGM at 
17,900–16,200 cal. BP. Excavations were conducted in two main areas: Area A and Area B 
(Pinhasi et al., 2014, Fig. 2). 
Area A is situated in the northwestern part of the cave, near the entrance and Area B is in the rear 
of the cave adjacent to a trench excavated in the early 1990s. Both areas revealed stratigraphic 
sequences comprising Pleistocene (UP) and Holocene (Eneolithic and later) deposits. In both 
areas, the in situ UP layers were extremely rich in anthropogenic remains (e.g., a circular 
fireplace, large quantities of charcoal and burnt bones, lithics, bone tools, shell ornaments, yellow 
ochre). The UP sequence of Area A was divided into two main units: A/I and A/II. A/II contained 
a sequence of living surfaces which were dated (surface II and III) to 17,000–18,000 cal. BP and 
as such are the first well-dated evidence for human occupation in the southern Caucasus at the end 
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of the LGM. This fills in a gap in the local UP sequence, namely that between Unit C and Unit B 
in Dzudzuana cave (western Georgia), dated to 27,000–24,000 cal. BP and 16,000 cal. BP – 
13,200 cal. BP, respectively (Pinhasi et al., 2014, Fig. 3). The stratigraphic sequence of Area B 
includes so far four main archaeological layers (B/I, B/II, B/III, B/IV) and reaches a thickness of 
>2 m (6.5 m below the datum). Layer B/III is dated to 25,220–24,440 cal. BP (with dates pending 
for the underlying layer B/IV) (Pinhasi et al., 2014, their Fig. 6). An isolated tooth (SATP5-2) and 
a hemi-mandible (SATP5) with teeth (LP3 = SATP5-3, LP4 = SATP5-4, Ldm2 = SATP5-5, LM1 = 
SATP5-6, LM2 = SATP5-7) have been recovered from a poorly provenienced UP context in Area 
B (excavated in the 1990s). The hemi-mandible was directly dated to 11,250 ± 50 BP (OxA-
26862) (the specimen was analyzed  at Oxford Radiocarbon Laboratory for AMS 14C dating). The 
obtained radiometric date provides a calibrated range of 13,031-13,225 cal. BP, using Oxcal 4.2 
with IntCal 13 calibration curve. The specimen was well preserved, and yielded 13.32% collagen 
by weight (in modern unadulterated bone, ∼20% by weight is collagen) and the C:N atomic ratio 
was 3.2 (in modern bone, this measure is around 3.21). Its direct date indicates that it is from the 
late UP occupation phase in Satsurblia. In general, the UP lithic assemblages in Satsurblia differ 
from those of Dzudzuana Unit C. Though they also represent mostly a bladelet industry, the 
dominant tool types are obliquely truncated retouched/backed bladelets with some microgravettes 
and rare Gravette points (Pinhasi et al., 2014). 
2. Materials and methods 
2.1 Micro-CT 
High-resolution micro-CT images of the teeth from Dzudzuana (Dzu 1 and Dzu 2; main text Fig. 
1) and the isolated tooth from Satsurblia (SATP5-2) (Fig. 2) were obtained with a XALT 
microtomographic system (Institute of Clinical Physiology, Pisa, Italy) (Panetta et al., 2012) using 
the following scan parameters: 50 kV, 0.7 mA, with a 2mm Aluminium filter. The Satsurblia 
mandible (Fig. 3) was scanned with a Birscan microtomographic system (Max Planck Institute for 
Evolutionary Anthropology, Leipzig, Germany) using the following scan parameters: 130 kV, 0.1 
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mA, with a 0.50 mm Brass filter. Volume data were reconstructed using isometric voxels of 18.4 
µm for the isolated teeth and 30.15 µm for the mandible. 
The image stacks were segmented with a semiautomatic approach in Avizo 7.0 (Visualization 
Sciences Group Inc.) in order to separate the tissues and to reconstruct three-dimensional (3D) 
digital models of the teeth and of the mandible, which were then used to support the 
morphological description and to collect morphometric data (SOM Fig. S2, S3).  
 
 
Figure S2. A) Three-dimensional digital models of the enamel-dentine junction (EDJ) of Dzu 1. 
PRO = protocone; PAR = paracone; MET = metacone; HYP = hypocone; C5 = fifth cusp; CAR-
TR = Carabelli’s trait. B) Three-dimensional digital model of the EDJ of Dzu 2. PRO = 
protoconid; MET = metaconid; HYP = hypoconid; HYP* = hypoconulid; ENT = Entoconid; 
MeTC = mesial trigonid crest; DTC = distal trigonid crest; Ant-Fov = anterior fovea. The black 





Figure S3. A) Three-dimensional digital models of the EDJ of: A) SATP5-3 (lower left third 
premolar, LP3), B) SATP5-4 (lower left fourth premolar, LP4), C) SATP5-5 (left second 
deciduous molar, Ldm2), D) SATP5-6 (lower left first molar, LM1), E) SATP5-7 (lower left 
second molar, LM2). PRO = protoconid; MET = metaconid; HYP = hypoconid; ENT = entoconid; 
HYP* = hypoconulid; C6 = sixth cusp or entoconulid; C7 = seventh cusp or metoconulid; TR – 
CR = transverse crest; MAR = mesial accesory ridge; Ant-Fov = anterior fovea; DTC = distal 
trigonid crest. The black bar is equivalent to 1 cm. B, buccal; D, distal; L, lingual; M, mesial; O, 
occlusal. 
2.2 Morphometric analyses 
Height of the mandibular corpus was measured perpendicular to the alveolar plane, and its breadth 
was taken at the maximum width of the mandibular corpus (Buikstra and Ubelaker, 1994; Rosas 
and Bermùdez de Castro, 1999). 
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The digital models of all the teeth, including the comparison sample, were optimized (e.g., healing 
defects) and oriented in Rapidform XOR2 (INUS Technology, Inc., Seoul, Korea) before the 
morphometric analyses. For Dzu 2, a virtual restoration was required before the analyses. This was 
carried out by moving the distal portion of the tooth until continuity in the cervical line, occlusal 
and lateral surface of the crown was restored (SOM Fig. S4). Each tooth was oriented by aligning 
the cervical plane (computed as the best-fit plane at the cervical line) parallel to the xy-plane of 
the Cartesian coordinate system and rotating the teeth around the z-axis so that the lingual side 
was parallel to the x-axis (e.g., Benazzi et al., 2012a). The crown outlines were projected onto the 
cervical plane, while the cervical outlines were represented by the contour of the section identified 
by the cervical plane itself. Both outlines (i.e., crown and cervical) were inscribed in a bounding 
box tangential to the most extreme points of the crowns to identify the mesio-distal (MD) and 
bucco-lingual (BL) diameters (Benazzi et al., 2011a; 2013a; Margherita et al., 2016). 
 
 
Figure S4. A) Original state of Dzu 2 (the arrow indicates the main crack); B) Virtual restoration 
of Dzu 2. 
 
Moreover, for the deciduous molars we used crown (for Dzu 1, Dzu 2 and SATP5-5) and cervical 
outline analyses (for Dzu 2 and SATP5-5), following  procedures in Benazzi et al. (2011b; 2012a) 
and Bailey et al. (2014). The outlines were imported in Rhino 4.0 Beta CAD environment (Robert 
McNeel and Associates, Seattle, WA), centered superimposing the centroids of their area, 
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represented by 16 pseudolandmarks for Dzu 2 and SATP5-5 (Benazzi et al., 2012a; 2014a) and by 
24 pseudolandmarks for Dzu1 (Bailey et al., 2014) obtained by equiangularly spaced radial 
vectors out of the centroid, and scaled to unit centroid size (Benazzi et al., 2011b; 2012a; Bailey et 
al., 2014). 
For the permanent teeth, we computed 3D enamel thickness following guidelines provided by 
Benazzi and colleagues (2014b). To quantify the 3D enamel thickness of the permanent teeth, the 
crown was separated from the root using the interpolated surface of the cervical line. We 
measured: the enamel volume (mm3); the coronal dentine volume, which includes the volume of 
the crown pulp chamber (mm3); and the enamel-dentine junction (EDJ) surface (mm2). These 
measurements were used for the computation of both 3D average enamel thickness (3D AET = 
volume of enamel divided by the EDJ surface; in mm) and the 3D relative enamel thickness (3D 
RET = AET divided by the cubic root of dentine volume; scale-free) index. 
Finally, in order to assess whether Dzu 1 and Dzu 2 belong to the same individual, both teeth were 
loaded in the Occusal Fingerprint Analyser (OFA) software (2008-2014 ZiLoX-IT GbR; 
www.for771.uni-bonn.de/for771-en/ofa). The software allows one model (i.e., Dzu 2) to be moved 
towards the antagonist (i.e., Dzu 1) along a defined pathway in order to analyse the collision of 
crown contacts. OFA software prevents the penetration of the models into one another and detects 
the occlusal contacts through collision detection, deflection and break free algorithms (for more 
details, see e.g., Benazzi et al., 2012b, 2013b, c, 2015, 2016; Kullmer et al., 2013; Fiorenza et al., 
2015). Therefore, the colliding triangles of Dzu 1 and Dzu 2 during maximum intercuspation were 
detected and visualized to verify that they indeed belong to the same individual.  
 
3. Results 
3.1 Testing occlusal contacts between Dzu 1 and Dzu 2 
Since Dzu 1 and Dzu 2 were retrieved from the same deposit, share a similar wear stage and root 
resorption, and represent antagonistic tooth classes (Rdm2 and Rdm2, respectively), they might 
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belong to the same individual. However, only three occlusal contacts were detected during 
maximum intercuspation in the OFA software (SOM Fig. S5). Alternative solutions (e.g., moving 
Dzu 2 in slightly different positions), made the results even worse (results not shown). Overall, the 
few contact areas and the large gaps between the occlusal surfaces (Fig. S5) suggest the teeth do 
not belong to the same individual. 
 
 
Figure S5. Collision detection for Dzu 1 (Rdm2) and Dzu 2 (Rdm2) in the Occlusal Fingerprint 
Analyser (OFA) software during maximum intercuspation (contact areas in black). A) mesial 
view; B) distal view; C) occlusal surface of Dzu 2 from mesio-lingual perspective. 
 
3.2 Mandible 
SATP5-5 shows several fractures. A fracture directed mesio-buccaly/disto-lingually interesects the 
occlusal surface, from which a second fracture departs directed mesio-lingually. Another small 
fracture is visible in the protoconid cusp. 
 
3.3 Metric comparison 
The main metric dimensions of the SATP5 mandible are shown in SOM Table S1. The scatter plots 
between MD and BL diameters of the permanent teeth (see SOM Table S2 for the comparative 




Table S1.  
Main metric dimensions of the SATP5 mandible. 
Specimen/Sample Age at 
death 
(years) 
Corpus height at 
mental foramen 
(mm) 








SATP5 ~ 6.0-7.0 21.4 10.5 49.0 Present study 
Neandertals      
Gegant-5 ~4.5-5.0 22.6 12.8 56.6 Quam et al., 2015 
Palomas 49 ~ 2.0 19.2 11.4 59.4 Walker et al., 2010 
Barakai ~3.0 20.1 14.2 70.6 Mallegni and 
Trinkaus, 1997 
Archi 1  ~3.0 20.0 12.0 60.0 Mallegni and 
Trinkaus, 1997 
Roc de Marsal ~3.0 17.0 12.7 74.7 Madre-Dupouy, 
1992 
Il Molare 1  ~3.5 20.9 12.2 58.4 Mallegni and 
Trinkaus, 1997 
Palomas 7  ~4.0 21.3 12.7 59.6 Walker et al., 2010 
La Chaise 13  ~4.0 20.5 12.5 61.0 Mallegni and 
Trinkaus, 1997 
Devil's Tower  ~4.0 22.8 13.6 59.6 Mallegni and 
Trinkaus, 1997 
Cova Negra (CN 7755)  ~5.0 20.0 13.3 66.5 Arsuaga et al., 1989 
Combe Grenal 1 ~7.0 27.4 13.6 49.6 Garralda and 
Vandermeersch, 
2000 
Modern Humans      
Le Figuier ~3.0  18.0 10.7 59.4 Billy, 1979 
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La Madeleine 4 ~3.0 19.0 9.4 49.5 Heim, 1991 
Lagar Velho ~4.5  20.5 11.5 56.1 Trinkaus, 2002 
Skhul 1 ~4.5  16.4 11.0 67.1 Mallegni and 
Trinkaus, 1997 
Qafzeh 4 ~6.0  26.3 14.2 54.0 Quam et al., 2015 
Qafzeh 10 ~6.0 24.2 13.3 55.0 Quam et al., 2015 
Recent children (n=20) 2.0-5.0 17.2 ± 1.8 10.3 ± 1.0 60.4 ± 6.9 Madre-Dupouy, 
1992 
a Calculated as (corpus thickness/corpus height) X 100. 
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Table S2.  
Comparative sample (X indicates inclusion) of the P3, P4, M1 and M2 used for dental crown diameters (MD and BL) and 








N ABRISUARD_14_7 LM1 1 X X 
N ABRISUARD_49 LM1 1 X X 
N BDJ4C9 LM1 1 X X 
N Engis LM1 1 X X 
N Krapina 52 LM1 1 X X 
N Krapina 80  LM1 1 X X 
N La Ferrasie 8 LM1 1 X   
N Roc_de_Marsal LM1 1 X X 
N Taddeo 4a LM1 2 X X 
N BD1 LM1 4 X X 
N Krapina 53 LM1 3 X X 
N Krapina 54  LM1 3 X X 
N Krapina 55 LM1 3 X X 
N Krapina 57 LM1 4 X X 
N Krapina 58 LM1 4 X X 
N Krapina 59 LM1 4 X X 
N Le Moustier LM1 4 X X 
N Regourdou LM1 4 X X 
N St. Cesaire LM1 4 X X 
N Vindija_11_39 LM1 4 X X 
N Weimer_Ehringsdorf LM1 3 X X 
N Scla_4A_1b LM1 3   X 
N Scla_4A_9b LM1 3   X 
N Kebara 2 LM1 5 X X 
EHS AP_6242 LM1 2 X X 
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EHS AP_6277 LM1 1 X X 
EHS Dar_Es_Sultane2_H4 LM1 4 X X 
EHS Temara LM1 4 X X 
UPHS Villabruna LM1 4   X 
RHS 167_175_ LM1 2 X X 
RHS 213 LM1 2 X X 
RHS M5 LM1 2 X X 
RHS M6 LM1 2 X X 
RHS R123 LM1 1 X X 
RHS R488_274 LM1 2 X X 
RHS R1160_440 LM1 2 X X 
RHS R2602_1673 LM1 2 X X 
RHS ULAC_1 LM1 3 X X 
RHS ULAC_58 LM1 3 X X 
RHS ULAC_74 LM1 4 X X 
RHS ULAC_151 LM1 4 X X 
RHS ULAC_536 LM1 4 X X 
RHS ULAC_607 LM1 4 X X 
RHS ULAC_790 LM1 4 X X 
RHS ULAC_797 LM1 3 X X 
RHS ULAC_801 LM1 3 X X 
N Krapina 57 LM2 2 X X 
N KRP_D1 LM2 2 X X 
N LeMoustier LM2 1 X X 
N Krapina 54 LM2 1 X X 
N Krapina_55 LM2 1 X X 
N S36 LM2 2 X X 
N SD540 LM2 1 X X 
N Scladina 4A-1b LM2 2   X 
N Scladina 4A-9b LM2 1   X 
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N Regourdou LM2 3 X X 
N Krapina_58 LM2 4 X X 
N Krapina_59 LM2 3 X X 
N St_Cesaire LM2 4 X X 
EHS AP_6282 LM2 2 X X 
EHS Temara LM2 2 X X 
EHS Dar_Es_Sultane_H4 LM2 1 X X 
EHS ElHarhoura LM2 3 X X 
RHS M145 LM2 3 X X 
RHS 167_I75 LM2 2 X X 
RHS Belgian76a LM2 2 X X 
RHS M19_ LM2 2 X X 
RHS M181 LM2 2 X X 
RHS M190 LM2 2 X X 
RHS M232 LM2 2 X X 
RHS R115 LM2 2 X X 
RHS R123 LM2 1 X X 
RHS R258 LM2 2 X X 
N Krapina_D34 LP3 2 X X 
N Krapina_D111 LP3 1 X X 
N Krapina_D114 LP3 1 X X 
N Le_Moustier LP3 1 X X 
N Krapina_54 LP3 1 X X 
N Krapina_52 LP3 1 X X 
N Krapina_55 LP3 1 X X 
N Scla_4A_6b LP3 1   X 
N KRAPINA_58 LP3 3 X X 
N VI_11_45 LP3 3 X X 
EHS Qafzeh_9 LP3 1 X X 
RHS M14 LP3 2 X X 
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RHS M35 LP3 1 X X 
RHS M36 LP3 1 X X 
RHS ULAC_1 LP3 2 X X 
RHS ULAC_13 LP3 1 X X 
RHS ULAC_58 LP3 2 X X 
RHS ULAC_151 LP3 1 X X 
RHS ULAC_536 LP3 2 X X 
RHS ULAC_790 LP3 2 X X 
RHS ULAC_801 LP3 1 X X 
RHS ULAC_806 LP3 1 X X 
RHS ULAC_66 LP3 3 X X 
RHS ULAC_74 LP3 3 X X 
RHS ULAC_171 LP3 3 X X 
RHS ULAC_522 LP3 3 X X 
N KRP_D35 LP4 2 X X 
N KRP_D50 LP4 1 X X 
N KRP_D113 LP4 1 X X 
N SD_763 LP4 1 X X 
N CG_29 LP4 1 X X 
N KRP_D118 LP4 1 X X 
N Krapina_54 LP4 2 X X 
N Krapina_52 LP4 1 X X 
N Le_Moustier LP4 1 X X 
N Krapina_58 LP4 3 X X 
N CG_VIII LP4 4 X X 
N Scla 4A-1b LP4 1   X 
N Scla 4A-9b LP4 1   X 
EHS Irhoud_3 LP4 1 X X 
EHS Qafzeh_9 LP4 1 X X 
EHS El_Harhoura LP4 3 X X 
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EHS Temara LP4 3 X X 
RHS M7 LP4 1 X X 
RHS M39 LP4 1 X X 
RHS ULAC_1 LP4 2 X X 
RHS ULAC_13 LP4 1 X X 
RHS ULAC_74 LP4 2 X X 
RHS ULAC_151 LP4 2 X X 
RHS ULAC_790 LP4 2 X X 
RHS ULAC_806 LP4 1 X X 
RHS ULAC_171 LP4 3 X X 
RHS ULAC_522 LP4 3 X X 
RHS ULAC_799 LP4 3 X X 
RHS ULAC_536 LP4 3 X X 
a Benazzi et al., 2011c. 
b Benazzi et al., 2014c. 
 
The values of the component of the 3D enamel thickness for the Satsurblia permanent posterior 
teeth and the comparative sample are shown in Tables 3 and S3. For premolars and second molar at 
wear stage 1–2, Neandertals show significantly lower RET indices than RHS (p<0.01; Table 3). In 
particular, the premolars show the largest differences between the two groups (i.e., Neandertals and 
H. sapiens). No significant differences were observed for the M1 (p=0.507). Even though the small 
EHS sample size prevents statistical analysis, the EHS means computed for all tooth classes are 
always closer to RHS than Neandertal. 
When the 3D enamel thickness of Satsurblia permanent teeth was compared with the RET mean 
values computed for Neandertals, EHS and RHS, the computed Z-scores are always closer to the H. 





Figure S6. Scatter plot between MD and BL diameters of permanent teeth from Satsurblia cave. N 









Table S3.  
Three-dimensional (3D) average enamel thickness (AET) and relative enamel thickness (RET).a  
Sample Wearb 3D AET 
Mean (SD/n) 
Z-score 3D RET 
Mean (SD/n) 
Z-score 
SATP5-3 (LP3)  1.17  26.75  
N 1-2 0.97 (0.08/8) 0.21 18.55 (1.60/8) 5.12 
N 3 0.72 (0.09/2)  13.43 (2.14/2)  
EHS 1-2 1.3  24.76  
RHS 1-2 1.10 (0.13/11) 0.54 24.39 (2.38/11) 0.99 
RHS 3 0.86 (0.06/4) 5.16 19.60 (0.93/4) 7.69 
SATP5-4 (LP4)  1.61  41.46  
N 1-2 1.08 (0.09/11) 5.89 20.62 (2.37/11) 8.79 
N 3 0.86 (0.02/2)  16.49 (0.19/2)  
EHS 1-2 1.39 (0.02/2)  25.23 (1.86/2)  
EHS 3 1.25 (0.07/2)  22.83 (8.37/2)  
RHS 1-2 1.20 (0.12/8) 3.42 25.69 (2.22/8) 7.10 
RHS 3 1.16 (0.16/4) 2.81 25.01 (4.46/4) 3.69 
SATP5-6 (LM1)  1.26  20.47  
N 1-2 1.22 (0.12/8) 0.33 18.61 (1.59/8) 1.17 
N 3 1.08 (0.11/6) 1.64 15,86 (1.33/6) 3.47 
N 4 0.81 (0.12/9) 3.75 12,21 (1.66/9) 4.97 
EHS 1-2 1.23 (0.31/2)  19.64 (6.30/2)  
EHS 4 1.08 (0,14/2)  14.9 (1.66/2)  
RHS 1-2 1.23 (0,17/8) 0.18 20.17 (3.50/8) 0.29 
RHS 3 1.04 (0.11/5) 2 16.16 (1.98/8) 2.18 
RHS 4 0.90 (0.12/5) 3 14.30 (2.34/5) 2.64 
SATP5-7 (LM2)  1.37  23.7  
N 1-2 1.18 (0.14/9) 1.36 17.42 (2.60/9) 2.41 
N 3 0.94 (0.09/2)  13.88 (0.37/2)  
N 4 0.75 (0.19/2)  11.43 (3.78/2)  
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EHS 1-2 1.41 (0.15/3)  22.10 (2.33/3)  
EHS 3 1.07 (0.15/2)  15.53 (0.97/2)  
RHS 1-2 1.34 (0.16/9) 0.19 21.61 (1.73/9) 1.20 
aSatsurblia specimens are standardized to Z-scores of the Neandertal (N), early H. sapiens (EHS) and recent Homo 
sapiens (RHS) samples for different wear stages. 
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